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ABSTRACT 



Methods of identifying activatois and inhibitors of voltage- 
gated ion channels are provided in which the methods 
employ electrical field stimulation of the cells in order to 
manipulate the open/close state transition of the voltage- 
gated ion channels. This allows for more convenient, more 
precise experimental manipulation of these transitions, and, 
coupled with efEcient methods of detecting the result of ion 
flux through the channels, provides methods that are espe- 
cially suitable for high throu^pu! screening. 

7 Claims, 57 Drawing Slieets 
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The subject appiicaSon is related to oo-pendii^ provi- 
sional application No. 60/304,955, fiied Jul, !2, 2001, to 
which priority is claimed under 35 USC g n9(e). 



Not applicable. 

E4EFERENCE TO NQCROFICHE APPENDIX 
Not applicable. 

FIELD OF THE INVENTION 



is directed to methods and associ- 
ated apparatuses for stimulating eukaryotic cells by the 
application of electric fields. The electric fields are produced 
by certain arrangements of electrodes that create an electric 25 
potential difference in the environment of the cells, resulting 
in a change in membrane potential of the cells. The change 
in membrane potential affects various physiological pro- 
cesses within the cells, including the opening and closing of 
voltage-gated ion channels. Tlie ability to alter the open/ 30 
close transitions of voltage-gated ion channels by 4e appli- 
cation of electric fields as described herein provides for 
novel methods of screening compounds for the ability to 
modulate the activity of voltage-gated ion channels. 

35 

BACKGROUND OP THE INVENTION 

Certain molecular events in eukaryotic cells depend on 
the existence or magnitude of an electric potential gradiait 
across the plasma (i.e., outer) membrane of the cells. Among 40 
the more important of such events is the movement of ions 
across the plasma membrane through voltage-gated ion 
channels. Voltage-gated ion channels fwm transmembrane 
pores that open in response to changes in cell membrane 
potential and allow ions to pass through the membrane. 45 
Voltage-gsted ion channels have many physiological roles. 
They have been shown (o be involved in maintaining cell 
membrane potentials and controlling the repolarization of 
action potentials in many types of cells {Bermett el al., 1993, 
Cardiovascular Drugs & Therapy 7: 195-202; Johnson et al.. 50 

1999, J. Gen. Physiol. 1 13:565-580; Bennett & Shin, "Bio- 
physics of voltage-gated sodium charmeis," in Cardiac 
EUctmphysiology: From Cell to Bedside, 3"" edition, D. 
Zipes & J. Jalife, eds., 2000, W, B. Saunders Co., pp. 67-86; 
Bennett & Johnson, "Molecular physiology of cardiac ion 55 
channels," Chapter 2 in Basic Cardiac Electrophysiology 
and Pharmacology, V edition, A. Zasa & M. Rosen, eds., 

2000, Harwood Academic Press, pp. 29-57). Moreover, 
mutations in sodium, calciiun, or potassium voltage-gated 
ion channel genes leading to defective chaiinel proteins have fio 
been implicated in a variety of disorders including the 
congenital long QT syndromes, ataxia, migraine, muscle 
paralysis, deafness, seizures, and cardiac conduction dis- 
eases, to name a few (Bennett et al., 1995, Nature 376:683- 
685; Roden et al., 1995, J. Cardiovasc. Electrophysiol. 65 
6:1023-1031; Kors et ai., 1999, Cun. Opin. Neurol. 12:249- 
254; Lehmann el al., 1999, Physiol. Rev. 79:1317-1372; 



Holbauer& Heufelder, 1997, Eur. J. Endocrinol. 136:588- 
589; NaccareUi & Antzelevitch, 2000, Am. J. Med. 1 10:573- 
581). 

Several types of voltage-gated ion channels exist. Volt- 
age-gated potassium chanitels establish the resting mem- 
brane potential and modulate the frequency and duration of 
action potentials in neurons, muscle cells, and secretoiy 
cells. Following depolarization of the membrane potential, 
voltage-gated potassium channels open, allowing potassium 
efiQux and thus membrane repolarization. This behavior has 
made voltage-gated potassium channels important targets 
for drug discovery in connection with a variety of diseases. 
Dysfijcctionai voltage-gated potassium channels have been 
implicated in a number of diseases and disorders. Wang et 
al., 1998, Science 282: 1890-1893 have shown that the 
voltage-gated potassium channels KCNQ2 and KCNQ3 
form a heteromeric potassium ion channel known as the 
"M-channel." Mutations in [CCNQ2 and KCNQ3 in the 
M-channei are responsible for causing epilepsy (Biervert et 
al., 1998, Science 279:403-406; Singh et al., 1998, Nature 
Genet. 18:25-29; Schroeder et al.. Nature 1998, 396:687- 
690). 

Voltage-gated sodium channels are transmembrane pro- 
teins that are essential for the generation of action potentials 
in excitable cells (Catterall, 1993, Trends Neurosci. 16:500- 
506). In mammals, voltage-gated sodium channels consist of 
a macromolecular assembly of a and p submits with the a 
subunit being the pore-forming component, a subunits are 
encoded by a large family of related genes, with some a 
subunits being present in the central nervous system (Noda 
et al., 1986, Nature 322:826-828; Auld et al., 1988, Neuron 
1:449-451; Kayano et al., 1988, FEES Lett. 228:187-194) ' 
and others in muscle (Rogart et al., 1989, Proc. Nat!. Acad. 
Sci. USA 86:8170-8174; Trimmer et al., 1989, Neuron 
3:33-49), 

Voltage-gated calcwm channds are transmembrane pro- 
teins that in the open configuration allow the passive flux of 
Ca^* ions across the plasma membrane, down the electro- 
chemical gradient. Tliey mediate various col! llinctions, 
including excitation-contraction coupling, signal transduc- 
tion, and neurotransmitter release. 

Current methods of drug discovery often involve assess- 
ing the biological activit>' (i.e., screening) of tens or hun- 
dreds of thousands of compounds in order to identify a small 
number of those compounds having a desired activity. In 
many high throughput screening programs, it is desirable to 
te.st as many as 50,000 to 100,000 compounds per day. 
Unfortunately, current methods of assaying the activity of 
voltage-gated ion channels are ill suited to the needs of a 
high throughput screening program. Current methods often 
rely on electrophysiological techniques. Standard electro- 
physiological techniques involve "patching" or sealing 
against the cell membrane with a glass pipette followed by 
suction on the glass pipette, leading to rupture of the 
membrane patch (Haraill et al., 1981, Pflugers Arch. 391: 
85-100), This has limitations and disadvantages. Accessing 
the cell interior may alter the cell's response prt^erties. The 
high precision optical apparatuses necffisary for mictoma- 
nipulating the cells and the pipettes make simultaneous 
recording from more than a few cells at a time impassible. 
Given these difSculties, the throughput that can be achieved 
with electrophysiological techniques falls far short of that 
necessary for high throughput screening. 

Various techniques have been developed as alternatives to 
standard methods of electrophysiology. For example, radio- 
active flux assays have been used in which cells are loaded 
with a radioactive tracer (e.g., '"Rb*, "Na*, ('*C]-guani- 
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didum) and the efflux of the dye is monitored. Cells loaded current, which could be detected by an appropriate device, 

widi the tracer are exposed to compounds and those com- Ths chip plus cells was said to have potential as a sensor and 

pounds that either enhance or diminish the efflux of the as a prototype for neuroprosihenc devices. See Straub etal., 

iraceraieidentifiedaspossibleactivatorsorinhibitorsofion 2001, Nature Biotechnol. 19:121-124; Neher, 2001, Nature 

channels in die cells' mamhranes. 5 Biotechnol. 19:114. 

Assays that measure the change in a cell's membrane 

potential due to the change in activity of an ion channel have SUMMi^RY OF THE INVENTION 
been developed. Such assays often employ voltage sensitive 

dyes that redistribute between the extracellular environment -j^g present invention is directed to methods of identif>'- 

and the cell's interior based upon a chaise in membrane to ing activators and inlubilors orvoltage-gated ion channels in 

potential and that have a different fluorescence spectrum which the methods employ dectrical field stimulation of the 

dependiitg on whether they are inside or outside the cell. A g^jj^ extracellular elecuodes in order to manipulate the 

related assay mediod uses a pair of fluorescent dyes capable open/close state transitions of the voltage-gated ion chan- 



e resonance energy transfer to sense changes nels. This allows for more convenient, more precise raanipu- 

in membrane potential. For a description of this technique, 15 jajiQ^ tjjgje transitions, and, coupled with efficient meth- 

see Gonzalez & Tsien, 1997, Chemistry & Biology 4:269- of detecting ion flux or membrane potential, results in 

277. See also Gonzalez &Tsien, 1995, Biophys. J. 69:1272- methods that are especially suitable for high throughput 

1280 and U.S. Pat. No. 5,661,035. Other methods employ screwing in order to identiiy substances that are activators 

ion selective indicators such as calcium dependent fluores- inhibitor of voltage-gated ion chaimels. 

cent dyes to monitor changes in Ca=* influx durmg opening 20 ^^^^ invention also provides apparatuses for use in 

and dosmg of calcmra channels, the above-described methods, hi particular, modifications of 

Ideally, methods^ of screemng agams. voltage-gated ion ^^^^^^^ ^^^^ p^,^^ ^ ^^^.^ 



channels require thai the transmembrane potential of the 



„ , . ■ ^, „ J J, , - ■ i. the modified raultiwell tissue culture plates have electrodes 

celis being assayed be controlled and/or that the .on chan- ^, transmembrane electric potential of cells in 

nels studied be cycled between open and closed states. This 25 ^ ^j. ^j^^ ,3,^^ ^^^^ ^j^^^^g ^^^^ open/dose 

has been done m various ways. In standanl electrophysi- ^^^^ voltage-gated ion chamiels in the cells, 
ological techniques, the expenmentai set-up allows for 

direct niampulalion of niembrane po^tmi by tlie voltage DESCRIPTION OF THE DRAWINGS 

clamp method (Hodgkm & Huxley, 1952, J. Physiof. (Lond.) 

1 53:449-544), e.g., changing the apphed voltage or injecting 30 u ^- , t- ,1, 

■ ■ s into the cell. In other methods, changing the FIG. lA shows a top view of one embodiment ot the 



extracellular concentration fhim a low value (e.g., 5 mM) P^'^^'^nt invention. This embodiment composes a glass slide 

to a higher value (e.g., 70-80 mM) results m a change in the 1 m which or upon which are a gold positive electrode 2 and 

electrochemical potential for due to the change in the a gold ^gative electrode 3 spaced such chat a gap 4 of about 

relative proportion of intracellular and extracellular potas- 35 25 [im to 100 fun exists between the electrodes. The elec- 

slum. This results in a change in the transmembrane elec- trodes together with spacers 5 (here shown as plastic strips) 

trical potential towards a more depolarized state. This depo- arranged gaierally at right angles to the electrodes define a 

larization can activate many voltage-gated ion channels, series of weUs 6 about 100 m ^ mto which cdls can be 

e.g.. voltage-gated calcium, sodium, or potassium channels, P'aced and'or grown. FIG. IB shows a cross -sectional side 

Alternatively, Na* chamiels can be induced into an open 40 view of the embodiment of FIG. 1 A, In this embodiment, the 

conformation by the use of toxins such as veratridine or identities of the positive and negative electrodes^ can be 

scorpion venom (Strichartz et al., 1987, Ann. Rev. Neurosci, interchanged, if desired The electrodes need not be made 

10 237-267- Narahashi & Harman, 1992, Meth. Enzymol. from gold; other conductive materials may be used. Also, the 

207:620-643). While sometimes effective, such experimen- spa^rs need not be plastic; other non-conductive materials 

tal manipulations may alter the channel pharmacology, can 45 ™3y be used. 

be awkward to perform, and can lead to aitifacnial distur- FJG. 2A shows a top view of an embodiment of the 

bances in the system being sftidied. present invention in which a typical 96 well plate contains 

Electrical field stimulation of cells has be«ai performed on electrodes within each well. FIG. 2B shows a cross-sectional 

a single cell by sealing a glass microelectrode to the cell side view of one of the wells m FiG, 2.A.. The well has a first 

membrane. Rupture of the sealed patch of cell membrane 50 electr^ode 1 (here shown as a positive electrode) on the side 

resulted in an electrical connection between die interior fluid 2 of the well, a second electrode 3 (here shown as a negative 

in the glass micrxielectrode and the fluid wilhin the ceil thai electrode) on the bottom 4 of the well, a strip of an optional 

was used 10 stimulate the cell via an electronic pulse msulating material 5 on tlie bottom of the well, and a celt 6 

generator. The electrophysiological response of the cell was at the bottom of the well A single ceil is shown merely for 

measured via a sensitive electronic amplifier. The disadvan- 55 convenience of illustration; in most cases a plurality of cells 

tage of this technique is that only one cell at a time was would be in the bottom of file well. The sides 2 of the well 

tested and it is a tedious and time consuming operation to are made of a non-conducting material such as plastic and 

seal the microetectrode to an individual cell. the bottom of the well is made from a conducting material 

HEK293 cells have been grown on a silicon chip made up such as indhim tin oxide (ITO). The well is shown with a 

of an array of field-effect transistors. Some of the cells were fio fluid level 7 sufBcient to completely cover the cell 6 and the 

positioned over the gate region of the transistors, thus having second electrode 3 at the boOom 4 of the well and to reach 

portions of their plasma membranes overlying the source the first electrode 1 on the side 2 of the well. The well is not 

and the drain. When a patch pipette in such cells manipu- drawn to scale with respect to FiG. 2.A.. FIG. 2C shows an 

lated the intracelluiar voUage, Maxi-K potassium channels alternative arrangement of electrodes in a well. In this 

in the cells' plasma membranes were opened. This led to 65 embodiment, both the positive electrode 1 and the negative 

current flow in the region between the cells' membraxie and electrode 2 are in the bottom 3 of the well, in this embodi- 

r. This cur^nt flow modulated the squree-drain ment, the sides 4 and bottom 3 of the well are made of 
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Uie amount of current required to initially chaige the piates 
with only a miniscule cuuent iGquinxl to maintain the ctiargc 
between the plates. An external electric field is generated 
Ifaaf can be used to depolarize the cells. The external electric 
field density is reduced by a high dielectric between the 
plates as is used with an authentic capacitor and is maximal 
with a low dieiectric such as teflon or mylar or no dielectric. 
The extemaJ field density is fiirther enhanced by placing the 
plates very close together, but the optimai separation may be 
determined empiricaUy. 

FIG. 36B shows an embodiment comprising a concurrent 
lead design. The concuirent iead comprises an internal wire 
3655 and an external wire 3650. The internal wire passes 
through the top plate 3610 and dielectric piate 3620 and is 
attached or integral to the bottom plate 3630. The externa! 
wire is attached or integral to the top plate 3610. Those 
skilled in the art will recognize that the foregoing arrange- 
ment of the leads may be reversed. FIG. 36C shavts an 
embodiment comprising edge leads 3660 and 3665. Edge 
lead 3660 is attached or integral to top plate 3610 and edge 
lead 3665 is attached or integral to bottom plate 3630. 

Some of the embodiments of the subject invention include 
Jthe following: 

A method of characterizing the biological activity of a 
candidate compound comprising. 

exposing one or more cells to said compound; repetitively 
expoang said one or more cells to one or more electric fields 
so as to effect a controlled change in transmembrane poten- 
tial of said one or more cells-, and monitoring, without using 
a patch, clamp, changes in the transmembrane potential of 
said one or more cells. 

The above method, where flie monitoring comprises 
detecting fluorescence emission from an area of observation 
containing said one or more cells. 

The above method, where the electric fields are biphasic. 

The above method, additionally comprising limiting spa- 
tial variation in electric field intensity so as to minimize 
irreversible cell electroporation. 

The above method, where one or more electrical fields 
may cause an ion channel of interest to cycle between 
differenl voltage dependent states. 

The above method, where the one or more electrical fields 
cause an ion channel of interest to open. 

The above method, where the one or more electrical fields 
cause an ion channel of interest to be released from inacti- 
vation. 

The above method, where the one or more ceils comprise 
a voltage sensor selected from the group consisting of a 
FRET based voltage sensor, an electrochromic tiansmem- 
btane potential dye, a transmembrane potential redistribu- 
tion dye, an ion sensitive fluorescent or luminescent mol- 
ecule and a radioactive ion. 

The above method, whens the one or more cdls comprise 
a voltage regulated ion diannel. 

The above method, where the voltage regulated ion chan- 
nel is selected tiom the group consisting of a potassium 
channel, a calcium channel, a chloride channel and a sodium 
chamiel. 

The above method, where the electric field exhibits lim- 
ited spatial variation in intensity in the area of observation 
of less than about 25% from, a mean intensity in that area. 

The above method, where the one or more ciectrical fields 
varies over an area of observation by no more than about 
15% from the mean electrical field at any one time. 

The above method, where the one or more electrical fields 
varies over an area of observation by no more than about 5% 
from the mean electrical field at any one time. 
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The above method, where the one or more electrical fields 
comprises stimulation with either a square wave-form, a 
sinusoidal wave-form or a saw tooth wave- form. 

The above method, where the one or more electrical fields 
5 have an amplitude within the range of about 10 V/cm to 
about 100 V/cm. 

The above method, where the one or more electrical fields 
have an amplitude within the range of about 20 V/cm to 
about SO V/cm. 

10 The above method, where the one or more electrical fields 
are repeated at a frequency of stimulation that is greater thaih 
or equal to the reciprocal of the transmembrane time con- 
stant of said one or more ceils. 
The above method, where the one or more electrical fields 

IS are repeated at a frequency of stimulation within the range 
of zero to 1 kHz. 

The above method, where the one or more electrical fields 
have a puke duration within the range of about 100 micro- 
seconds to about 20 milliseconds. 

20 The above me&od, where the transmembrane potential is 
developed across the plasma membrane of said one or more 

A method of assaying the biochemical activity of a 
compound against a target ion chaonei comprising. 

25 selecting a cell line having a normal resting transmem- 
brane potential corresponding to a selected voltage depen- 
dent state of said target ion channel; expressing said target 
ion charmei in a population of cells of said selected cell line; 
exposing said population of cells to said compound; repeti- 

jo tively exposing said population of cells to one or more 
electric fields so as to effect a controlled change in trans- 
membrane potential of said one or more cells; and monitor- 
ing changes in the transmembrane potential of said one or 
more cells. 

3J The above method, where the target ion channel is exog- 
enously expressed in said cell line. 

The above method, where the cdl line is Iransfected with 
nucleic acid encodmg said target ion channel. 
The above method, where the cell line expresses insig- 
40 nificant levels of other ion channels. 

The above method, where the cell line is selected from the 
group consisting of tXIL,LTK(-), and CHO-M. 

The above method, where the target ion channel is a 
sodium chatmel, and wherein said population of cells is 
45 selected fi:om the group consisting of CHL cells, LTK(-) 
cells, and CHO-Kl cells. 

The above method, where the target ion channel is a 
sodium channel, and wherein said population of cells is 
selected from the group consisting of HEK-293 cells, RBL 
50 cells, Fll cells, and HL5 cells. 

The above method, where the target ion channel is a 
potassium channel, and wherein said population of cells is 
selected fiom the group consisting of CHL cells, LTK(-) 
cells, and CHO-Kl cells. 
55 The above method, where the target ion channel is a 
calcium chaimel, and wherein said population of cells is 
selected firom the group consisting of CHI. cells, LTK(-) 
cells, and CHO-Kl cells. 

A method of assaying ion channel activity comprising, 
fio exposing at least one cell to a pluraiitj' of electric field 
pulses so as to create a controlled change in transmembrane 
potential and so as to activate an ion channel of interest; and 
detecting ion channel activity by detecting one or more 
changes in transmembrane potential without using a patch 
65 clamp. 

The above method, where the at least one cell comprises 
a voltage sensor selected from the group consisting of a 
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FRET based voltage sensor, an electrochromic transmem- 
biane poCeatial dye, a transmembrane potential redistribu- 
tion dye, an ion sensitive fluorescent or luminescent mol- 
ecule and a radioactive ion. 

The above method, where the voltage sensor comprises a 
FRET based voltage sensor. 

The above method, where the ion channel of interest is a 
voltage regulated ion channel. 

The above method, where the plurality of declric field 
puises cause said ion channel of interest to cycle between 
different voltage; dependent states. 

The above method, where the at least one cell is an 
eukaryotic cell. 

The above method, where the at least one cell is a 
non-excitable cell. 

The above method, where the at least one cell is a 
prokaryotic cell. 

The above method, where the at feast one cell is a tissue 
culture cell. 

The above method, where the at least one cell is a primary 
cell line. 

The above method, where the at least one celt is part of 
an intact living organism. 

A method of assaying ion channel activity comprising. 

expressing a selected tat;get ion channel in at least one 
celt; expressing a selected counter ion channel in said at least 
one cell; exposing said at least one cell to a plurality of 
electric field pulses so as to create a controlled changp in 
transmembrane potential and so as to activate said cotmter 
ion channel; and monitoring the transmembrane potential of 
said at least one cell. 

The above method, where a transmembrane potential 
change is detected when said ion channel of interest is 
blocked. 

The above method, where the ion channel of interest 
comprises a ligand gated ion channel. 

The above method, where the counter channel comprises 
a sodium channel. 

A method of modifying the transmembrane potential of a 
cell comprising repetitively applying biphasic dectric field 
pulses to said cell, wherein said pulses have a maximum 
amplitude of less than approximately 90 V/cm, wherein said 
pulses are applied at a rate of at least about 1 per second, and 
wherein the total duration of each pulse is at least about 1 
millisecond. 

The above method, where the maximum amplitude is 
approximately 20 to 40 V/cm. 

The above method, where the pulse duration is approxi- 
mately 2 to 10 milliseconds per phase. 

The above method, where the pulses are applied at a rate 
of approximately 20 to 100 pulses per second. 

A method of chacacteriziiig the biological activity of a 
candidate compound comprising. 

placing one or more cells into an area of observation in a 
sample well; exposing said one or more cells to said com- 
pound; repetitively exposing said one or more cells to a 
series of biphasic electric fields at a rate of approximately 20 
to 100 pulses per second, wherein said electric fields exhibit 
limited spatial variation in intensity in the area of observa- 
tion of less than about 25% fi-om a mean intensity in that 
area, and wherein said electric fields produce a controlled 
change in transmembrane potential of said one or more cells; 
and monitoring changes in the transmembrane potential of 
said one or more cells fay detecting fluorescence emission of 
a FRET based voltage sensor from, an area of observation 
containing said one or more cells. 
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The above method, where the one or more electrical fields 
cause an ion channel of interest to open. 

The above method, where the one or more electrical fields 
cause an ion channel of interest to be released from inacti- 
5 vatton. 

The above method, where the one or more cells comprise 
a voltage regulated ion channel. 

The above method, where the voltage regulated ion chan- 
nel is selected from the gmup consisting of a potassium 
10 channel, a calcium channel, a chloride channel and a sodium 
chamiel. 

The above method, where the One or more electrical fields 
likely vary over an area of observation by no more than 
about 1 5% from the mean electrical field at any one time. • 

1 s The above method, where the one or more electrical fields 
varies over an area of observation by no more than about 5% 
from the mean electrical field at any one time. 

The above method, where the one or more electrical fields 
are selected from a square wave-form, a sinusoidal wave- 
form or a saw tooth wave-form. 
A high throughput screening system comprising, 
a plurality of wells haviiig a high transmittance portion 
through which cells present in said wells are optically 
observable in an area of observafion; two electrodes in each 
of said plurality of wells; an optical detector configured to 
detect light emanating from said wells tlirough said high 
transmittance portion; a power supply cotmeeted to said 
electrodes; wherein said power supply and said electrodes 
are configured to apply a series of electric fields to cells 

■"^ within said area of observation, said electric fields having a 
spatial variation of less than about 25% of a mean field 
intensity within said area of observation, said electric fields 
being effective to controllably alter the transmembrane 
potential of a portion of said cells; a data processing unit 
configured to interpret said light emanating from said wells, 
through said high trans.uittancc portion as ion channel 
activity resulting from said transmembrane potential alter- 

The above high thmugliput screening system, where the 
pluarality of wells are located in a multiwell plate. 

The above high throughput screening system, where the 
high transmittance portion is made from a material selected 
from the group consisting of glass, quartz, cyckvolefin, 
Aclar, polypropylene, polyethylene and polystyrene. 

The above high throughput soreening system, where the 
high transmittance portion exhibits less fluorescence whei 
excited with UV light m the range of 250 nm to 400 am than 
polystyrene. 

The above high thiDu^ut screening system, where the 
electrodes are located in a well of said plurality of wells. 

The above high throughput screening system, where- the 
electrodes are located in a bottom layer of said plurality of 

j5 The above higli ilirougliput screening system, where the 
multiwell plate comprises up to 96 wells. 

The above high throughput screening system, where the 
multiwell plate comprises greater than 96 wells. 
The above liigh throughput screening system, where the 
60 multiwell plate comprises greater than 384 wells. 

The above high throughput screening system, where the 
electrodes are made of a material selected from the group 
consisting of gold, platinum, palladium, chromium, molyb- 
denum, iridium, tungsten, tantalum and titanium. 
65 The above high throughput screening system, where the 
multiwell plate comprises optically opaque materials or 
pigments to reduce the transmission of li^(. 
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The above high throughput screening system, where the 
electrodes are separated by a gap within the range of about 
I to 4 nun. 

The above high throughput screening system, where the 
electrodes are separated by a gap within the range of about 
0.1 to 1 mm. 

1,0 The above high throughput screening system, where 
the electrodes are separated by a gap within the range of 
about 0.01 to 0.1 mm. 

The above high throughput screetjing system, where the 
electrodes are charged to create an electrical field inleasity 
of between 5 to 100 V/cm across said gap, and wherein the 
total charge transferred across the surface area of the elec- 
trically conductive material, in fluidic connection with the 
interior of the well is less tban or equal to 100 |iC/mra2. 

The above high throughput screening system, where the 
plurality of wells further comprise an insulator orientated 
and configured so as to create an area of observation within 
said well in which, the electrical field intensity varies by no 
more than 10% from the mean electrical field intensity when 
said at least two strips of electrically conductive material are 
chained to create an electrical field intensity of between 5 to 
100 V/cm across said gap, and. wherein the total charge 
transferred across the surfece area of the electrically con- 
ductive material, in fluidic connection with the interior of the 
well is less than or equal to looptC/mm2. 

The above high throughput screening system, where the 
plurality of wells further comprise at least two satellite 
electrical conductors. 

A high throughput screening system comprising. 

sample wells; liquid handling stations for adding reagents 
and/or cells to said sample wells; and means for controlling 
the transmembrane potential of cells in said sample wells so 
as to selectively cause ion chaimel activity. 

means foroptically monitoring changes in said transmem- 
brane potential. 

The above high throughput screening system, where the 
means comprises electrodes configured to create an electric 
field having a spatial variation of less than about 25% of a 
mean field intensity within an area of observation. 

The above high throughput screening system, where the 
means for controlling the transmembrane potential comprise 
an electrode array assembly. 

The above high throughput screening system, where (he 
electrode assembly array comprises 8 electrode assemblies. 

The above high throughput screening sysrtera, where the 
electrode assembly array comprises 96 electrode assranblies. 

The above-high throughput screening system, where the 
electrode assembly array comprises greater than 96 elec- 
trode assemblies. 

The above high throughput screening system, where the 
system further comprises means for retractably moving said 
electrode assembly into and out of the wells of a muliiwcll 
plate, 

The above high throughput screening system, where the 
means for controlling the transmembrane potential com- 
prises electrical conductors with two substantially parallel 
planar surfaces. 

The above high throughput screening system, where the 
electrical conductors are separated by a g^p within the range 
of Ito 4 mm. 

The above high throughput screening system, where the 
electrical conductors are separated 5 by a gap within the 
range of 0.1 lo 1 mm. 

The above high throughput screening system, where the 
electrical conductors further comprise a first insulator. 
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The above high throughput screening system, where the 
first insulator comprises two planar surfaces orientated per- 
pendicular to said substantially p^llel planar surfaces of 
said electrical conductors and substantially parallel with 
5 respect to each other. 

The above high throughput: screening system, where the 
electrical conductors fiirther comprise a second insulator 
attached to said at least two electrical conductors, wherein 
said second insulator is interposed in said gap between said 
to at least two electrical conductors to define the depth of said 
aqueous solution between said at least two electriciil con- 
ductors. 

The above high throughput: screening system, where the 
first insulator is composed of allow fluorescence material, 
wherein, said low fluorescence material exhibits less fluo- 
rescence when excited with UV light in the range 250 nm to 
400 nm than polystyrene of comparable size. 

The above high tiuoughput screening system, where the 
second insulator is composed of a low fluorescence materia!, 
^° wherein said low fluorescence material exhibits less fluo- 
rescence when excited with UV light in the range 250 nm to 
400 nm than polyst> rene of comparable size. 

The above high throughput screening system, where the 
first insulator comprises an insulator selected from the group 
consisting of plastic, glass and ceramic. 

The above high throu^put screening system, where the 
plastic is selected from the group consisting of nylon, 
polystyrene, Teflon (tetrafluoroe%lene), polypropylene, 
30 polyethylene, poly-vinyl chloride, and cycloolefin. 

The above high throughput screening system, where the 
electrical conductors comprise a conductor selected from the 
group consisting of gold, platinum, titanium, tungsten, 
molybdenum, iridium, vantHum, Mb, Ta, stainless steel and 
35 graphite. 

The above high throughput screening system, where the 
electrical conductors comprise a stirfece treatment to reduce 

electrolysis. 

The above high throughput screening system, where the 
surface treatment to reduce electrolysis comprises platinum 
black, gold black, iridium/iridium oxide, titanium/titanium 
nitride or polypyrrole films. 

The above high throughput screening system, where the 
electrical field intensity varies by no more than 10% from 
''^ the mean electrical field intensity when said at least two 
electrical conductors are charged to create an electrical field 
intensity of between 5 to 100 V/cm across said gap, wherein 
the total charge transferred across the surface area of the 
electrical conductors in contact with said aqueous solution is 
less than or equal to 100 ^C/mm2. 

The above high throughput screening system, where the 
electrical field intensit>' varies by no more than SVc, from the 
mean electrical field intensity when said at Icasi (wo dec- 
trical conductors are cliarged to create an electrical field 
intensity of between 5 to 100 V/cm across said gap, wherein 
the total charge transferred across the surface area of the 
electrical conductors in contact with said aqueous solution is 
less than or equal to 100 nC/mra2. 
gQ .\ method of screening a plurality of drug candidate 
compounds against a target ion channel comprising. 

expressing said target ion channel in a population of host 
cells; placing a pluraHty of said host cells into each of a 
plurality of sample wells; adding a candidate drug com- 
es pound to at least; one of said plurality of sample wells; and 
modulating the transmembrane potential of host cells in said 
plurality of sample wells with a repetitive application of 
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electric fields so as to set said transmembrane potential to a 
level conresponding to a prc-se!ected voitagp dependent state 
of said target ion channel. 

The above method, additionally comprising selecting a 
host: eel! line having a normal resting transmembrane poten- 
tial corresponding to a second pre-selected voltage depen- 
dent state of said tai^get ion channel. 

The above method, where the electric fields are biphasic. 
■ The above method, where electric fields cause an ion 
channel orinicresi to cycle between different voltage depen- 

The above method, where the electric fields cause an ion 
ctiannel of interest to open. 

The above method, where the electric fields cause an ion 
channel of interest to be released from inactivation. 

The above method, where the one or more cells comprise 
a voltage sensor selected from the group consisting of a 
FRET based voltage sensor, an electrochrcmic ttansmem- 
btane potential dye, a ^nsmembrane potential redistribu- 
tion dye, an ion sensitive fluorescent or Itimioescent mol- 
ecule and a radioactive ion. 

Tlie above method, where the target ion channel is 
selected from the group consisting of a potasaum chauiel, 
a calcium channel, a chloride channel anda scxliiun channel. 

The above method, where the one or more electrical fields 
comprises stimulation with either a square wave-form, a 
sinusoidal wave-form or a saw tooth wave-form. 

ITie above method, where the one or more electrical fields 
have an amplitude within the range of about 10 V/cm to 
about 100 V/cra. 

The above method, where the one or more electrical fields 
have an amplitude within the range of about 20 V/cm to, 
about 80 V/cm. 

An assay plate and electrode assembly comprising at least 
one sample well having electrodes placed therein, wherein 
said electrodes are positioned with respect to the bottom 
surface of the well to provide an electric field adjacent to 
said bottom surface that varies by less than about 10% Jiom 
a mean field intensity over at least about 20% of the sur&ce 
area of said bottom surface. 

The above assembly, where the electrodes comprise phite 
electrodes extending down into said well such that bottom 
ends of said electrodes are adjacent to but not in contact with 
said bottom surface. 

The above assembly, comprising two electrodes per 
sample well. The above assembly, comprising more than 
two electrodes per sample well. 

The above assetnbly, where the electrodes are plated onto 
said bottom surface of said well. The above assembly, where 
the bottom surface comprises a high optical transmittance 
portion. 

Hie above assembly, where the hi^ traosmittanoe portion 
is made from a material selected from the group consisting 
of glass, quart?, cycloolefin, Aclar, polypropylene, polyeth- 
ylene and polystyrene. 

The above assembly, where the high transmittance portion 
ejdiibits less fluorescence when excited with UV light in the 
range of 250 nm to 400 nm than polystytene. 

The above assembly, whore the electrodes are located in 
a wall of said plurality of wells. 

The above assembly, where the plate comprises up to 96 

[be above assembly, where the plate comprises greater 
than 96 wells. 

The above assembly, where the plate comprises greater 
than 384 wells. 



The above assembly, where the electrodes are made of a 
material selected from the group consisting of gold, plati- 
num, palladium, chromium, molybdenum, iridium, tungsten, 
tantalum and titanium. 

The above assembly, where the electrodes are separated 
by a gap within the range of about 1 to 4 mm. 

The above assembly, where the electrodes are separated 
by a gap within the range of about 0.1 to 1 mm. 
D The above assembly, where the electrodes are separated 
by a gap within the range of about 0.01 to 0.1 mm. 

A bottom panel for a multi-well plate comprising. 

at least one row of high transmittance regions with 
positions corresponding to well locations; a fiiS't: strip of 
conductive material extending along said row and overlap- 
ping a first portion of said well locations; and a second strip 
of conductive material extending along said row and o^-er- 
lappiug a second portion of said well locations. 
3 The above bottom panel, additionally comprising a first: 
electrical contact proximate to an end of said first strip and 
a second electrical contact proximate to an end of said 
second strip. 

An assay apparatus comprising. 

a sample well; a first pair of eleco-odes positioned within 
said sample well; at least one additional satellite electrode 
positioned within said sample well. 

The above assay apparatus, where the at least one addi- 
3 tional satellite electrode comprises second and third pairs of 
electtTodes. 

The above assay apparatus, where the satellite electrodes 
are charged to a potential less than that of the first pair of 
electrodes. 

The above assay apparatus, where the electrodes are 
positioned with respect to the bottom surface of the well to 
provide an electric field adjacent to said bottom surface that 
varies by less than about- 10% from a mean field intensity 
0 over at least about 20% of the surface area of said bottom 
surface. 

The present invention is not to be limited in scope by the 
specific embodiments described herein. Indeed, various 
modifications of the invention in addition to those described 

^ herein will become apparent to those skilled in the art from 
the foregoing description. Such modifications are intended 
to fall within the scope of the appended claims. 

Various publications are cited herein, the disclosures of 

Q which are incorporated by reference in their entireties. 
Furthermore, for general infotmation, PC'f Publication No. 
PCT/USOI/21652 is incorporated herein in its entirety to the 
extent it is accurate and not inconsistent with the teachings 
herein. All patents, patent applications, publications, texts 

S and references discussed or cited herein are understood to be 
incorporated by reference to the same extent as if each 
individual publication or patent application was specifically 
and individually set forth in its entirety'. In addition, all 
references, patents, applications, and other documents cited 

0 in an Invention Disclosure Statement, Examiner's Suustnary 
of Cited References, orotherwise entered into the file history 
of this application are taken to be incoiporated by reference 
into this specification for the benefit of later applications 
claiming priority to this apphcation. Finally, all terms not 

5 specifically defined are first taken to have the meaning given 
through usage in this disclosure, and if no such rr 
inferable, their normal meaning. 



